It has been demonstrated that synapses lacking functional synaptotagmin I (Syt I) have a decreased rate of synaptic vesicle endocytosis. Beyond this, the function of Syt I during endocytosis remains undefined. Here, we demonstrate that a decreased rate of endocytosis in syt null mutants correlates with a stimulusdependent perturbation of membrane internalization, assayed ultrastructurally. We then separate the mechanisms that control endocytic rate and vesicle size by mapping these processes to discrete residues in the Syt I C 2 B domain. Mutation of a poly-lysine motif alters vesicle size but not endocytic rate, whereas the mutation of calcium-coordinating aspartate residues (syt-D3,4N) alters endocytic rate but not vesicle size. Finally, slowed endocytic rate in the syt-D3,4N animals, but not syt null animals, can be rescued by elevating extracellular calcium concentration, supporting the conclusion that calcium coordination within the C 2 B domain contributes to the control of endocytic rate.
Introduction
Various experimental approaches have been used to dissect and describe the process of synaptic vesicle endocytosis. Ultrastructural experiments have followed vesicle reformation and have provided a descriptive view of membrane trafficking (Ceccarelli et al., 1973; Gad et al., 1998; Heuser and Reese, 1973; Koenig and Ikeda, 1989) . Several pathways for vesicle endocytosis have been proposed based on this work: one in which clathrin-coated vesicles of the appropriate size are formed directly at the plasma membrane following full fusion of the synaptic vesicle, a second in which large cisternae are first pinched off from the plasma membrane before giving rise to appropriately sized vesicles, and a third in which vesicles are retrieved prior to full fusion with the plasma membrane by a dynamindependent, clathrin-independent mechanism (termed kiss-and-run). In parallel to this ultrastructural work, biochemical and forward genetic approaches have identified many, if not the majority of, proteins directly involved in the process of synaptic vesicle endocytosis Di Paolo et al., 2004; Kosaka and Ikeda, 1983; McPherson et al., 1996; Ringstad et al., 1999; Zhang et al., 1994 Zhang et al., , 1998 . Finally, kinetic approaches using capacitance or live imaging (FM dyes, synapto-pHluorins) have been used to describe how fast the process of endocytosis proceeds from initiation to the formation of fully internalized membrane (Klingauf et al., 1998; Neves and Lagnado, 1999; Ryan et al., 1996; Sankaranarayanan and Ryan, 2000; von Gersdorff and Matthews, 1994) . A remaining challenge is to unify our molecular understanding with ultrastructural and biophysical descriptions of synaptic vesicle endocytosis. Here, we focus on the function of Syt I during synaptic vesicle endocytosis.
Syt I, while widely considered to be the primary Ca
2+
sensor for synaptic vesicle exocytosis, has also recently been shown to be necessary for endocytosis, since synapses lacking a functional Syt I protein show impaired rates of endocytosis (Nicholson-Tomishima and Ryan, 2004; Poskanzer et al., 2003) . Syt I interacts biochemically and genetically with a host of molecules at the presynaptic active zone, including syntaxin (Kee and Scheller, 1996) , N-type Ca 2+ channels (Sheng et al., 1997) , the clathrin adaptor complex AP-2 (Chapman et al., 1998; Zhang et al., 1994) , phosphoinositides Fukuda et al., 1995; Schiavo et al., 1996) , and stoned (Phillips et al., 2000) . Syt I, therefore, has the potential to regulate more than one stage of vesicle reformation through these diverse molecular interactions.
Here, we have undertaken a structure-function analysis of Syt I to define how this protein participates in the process of synaptic vesicle endocytosis in vivo. We have applied ultrastructural and kinetic assays of endocytosis to a range of molecular perturbations that affect Syt I function. We demonstrate that Syt I regulates both the rate and the size of synaptic vesicles formed during endocytosis, and we are able to assign control of these two processes to discrete regions of the Syt I protein. Thus, these two aspects of the vesicle cycle are separable. Based on our new data, we discuss models for how Syt I may participate in synaptic vesicle endocytosis.
Results

Syt I Null Mutations Perturb Both Endocytic Rate and Vesicle Size
We first examined the kinetics of endocytosis at synapses in two heteroallelic syt null combinations, syt AD4/D27 and syt AD4/N13 at the Drosophila NMJ. We assayed the kinetics of endocytosis with a presynaptically expressed synapto-pHluorin (SpH) transgene, which consists of a synaptic vesicle protein (n-synaptobrevin) tagged with a pH-sensitive GFP molecule (Li et al., 2005; Miesenbock et al., 1998; Poskanzer and Davis, 2004; Sankaranarayanan and Ryan, 2000) . In Figure 1A , we show the SpH response to a 50 Hz, 10 s stimulus, normalized to baseline fluorescence levels (see Movie S1 in the Supplemental Data available online). As *Correspondence: gdavis@biochem.ucsf.edupredicted from prior electrophysiological studies (Geppert et al., 1994; Littleton et al., 1993) , the syt null synapses (light and dark blue) show decreased evoked neurotransmitter release compared to wild-type controls (black), as demonstrated by a decrease in EPSP amplitude (Table 1 ) and a smaller DF/F peak value ( Figure 1A ; Movie S2). It is also clear that both syt null genotypes show a significantly slower time constant of endocytosis ( Figure 1B , t = 29.8 6 6.6 s and 22.8 6 8.7 s for syt AD4/D27 and syt AD4/N13 , respectively) compared to controls (t = 13.7 6 1.1 s; p < 0.03). Data are fit to a single exponential (see Experimental Procedures). In this experiment and throughout this study, conclusions are unaltered when data are fit to a double exponential.
Since syt null animals release fewer vesicles than controls, a change in exocytosis could be the cause of a slower rate constant in these animals (FernandezAlfonso and Ryan, 2004; Sankaranarayanan and Ryan, 2000) . Therefore, we determined whether the time constant is influenced by the amount of exocytosis at the Drosophila NMJ. We examined endocytosis in wildtype animals over a range of extracellular Ca 2+ concentrations and stimulus durations. Increasing Ca 2+ concentration (from 0.2 to 2.0 mM during a 10 s stimulus) and stimulus duration (from 1 to 10 s in 2.0 mM Ca 2+ ) both cause increased transmitter release, as demonstrated by larger peak DF/F values (Figures 1C and 1D ; Figure S1 ). However, t values remain unchanged over the range of Ca 2+ concentration and stimulus duration tested (Figures 1E and 1F, p > 0.2) . Thus, slowed endocytosis in syt null animals is not a simple consequence of impaired exocytosis. Together, these kinetic results demonstrate that synapses lacking Syt I are capable of endocytosis, but that endocytosis is significantly slower than in wild-type. These data agree with kinetic measurements recently made at vertebrate central synapses, which demonstrate an w2-fold slower endocytosis rate at synapses in syt null neuronal cultures (NicholsonTomishima and Ryan, 2004) .
To describe how Syt I controls membrane internalization during endocytosis, we examined vesicle reformation ultrastructurally in syt null synapses. Prior ultrastructural studies of synapses lacking Syt I only described resting-state synapses (Geppert et al., 1994; Jorgensen et al., 1995; Reist et al., 1998) . However, EM studies that have successfully probed the time course and form of membrane retrieval have examined synaptic terminals following an experimental stimulus (Ceccarelli et al., 1973; Di Paolo et al., 2004; Gad et al., 1998; Heuser and Reese, 1973; Koenig and Ikeda, 1989; Llinas et al., 2004 following stimulation with the same protocol used in our SpH kinetic analysis.
We fixed the NMJ prior to and 1 min after cessation of a 50 Hz, 10 s stimulus. At the latter time point, the majority of SpH has been quenched in wild-type animals, indicating that vesicles released during the stimulus should be newly re-formed ( Figure 1A ). We reasoned that defects in membrane recycling in the mutants might be clearly revealed at this time point. Control synapses expressing SpH in a wild-type background looked similar at rest and after stimulation (Figures 2A and 2B) . We find no evidence of vesicular intermediates at the plasma membrane or elsewhere in the synaptic bouton. We observe a small, but statistically significant, decrease in vesicle diameter in the poststimulation condition (mean = 26.3 nm 6 0.44) compared to rest (30.1 6 0.44 nm, p < 0.01, Figure 2C ). This decrease in vesicle size is observed throughout the vesicle distribution (Figure 2C) . One explanation for this curious result is that our physiological saline is not identical to the larval haemolymph. Therefore, our poststimulus condition differs from the resting condition in that a large number of vesicles recycle in physiological saline, as opposed to the natural larval haemolymph. Subtle differences in (F) Cumulative frequency distributions of vesicle diameter for syt null synapses at rest (gray, n = 218 vesicles, 12 active zones) and after the stimulus (blue, n = 375 vesicles, 20 active zones). There is a significant increase in mean vesicle diameter (p < 0.005, t test) and a significant change in the vesicle distribution (p < 0.001, KS test). (G and H) EM images from active zones at synapses from the Syt I FlAsH photoinactivation experiment. In (G), synapses have been stimulated at the shi ts restrictive temperature (30ºC) and allowed to recover for 5 min at the permissive temperature (22ºC) without photoinactivation. In (H), Syt I was photoinactivated following stimulation at the restrictive temperature before the preparation was brought back down to the permissive temperature for 5 min before fixation. Large vesicles are observed at active zones following photoinactivation of Syt I (H). (I) Cumulative frequency distribution of vesicle diameter for control synapses (gray, n = 335 vesicles, 11 active zones) and Syt I-photoinactivated synapses (blue, n = 423 vesicles, 21 active zones) demonstrate a dramatic shift toward larger diameters (p < 0.001, KS test) and a significant increase in mean vesicle diameter (p < 0.001, t test). The cumulative frequency distribution of poststimulus syt null synapses are replotted in red for comparison. osmolarity or tonicity between saline and haemolymph might affect vesicle size. As such, this small decrease in vesicle diameter compared to rest should affect all of our poststimulus experiments, and we find evidence that this is the case (see below). Importantly, this effect will cause an underestimation of the experimentally observed increases in vesicles size that we report below. In conclusion, wild-type synapses efficiently endocytose vesicles released in a 50 Hz, 10 s stimulus within 1 min. These data correlate well with SpH decay kinetics following the same stimulus protocol.
It has previously been observed, at the Drosophila NMJ, that synapses lacking Syt I contain vesicles with a modest increase in diameter (Reist et al., 1998) . We have confirmed this phenotype at syt null synapses expressing SpH at rest (mean = 38.4 6 1.23 nm compared to 30.1 6 0.44 nm at rest in wild-type, p < 0.01, Figures  2C and 2F ). However, when we examine syt null synapses after stimulation, we observe a dramatic further increase in average vesicle diameter (46.6 6 1.56 nm, Figures 2D-2F, p < 0.005). Inspection of individual active zones demonstrates that vesicular structures with diameters greater than 100 nm are observed throughout the vesicle cluster, both at the active zone and periactive zone region ( Figure 2E ). In some instances, we observe structures that are clearly still continuous with the periactive zone plasma membrane, suggesting that these aberrantly large vesicles represent newly internalized membrane ( Figure 2E , arrow). These data also indicate that retrieval of abnormally large vesicles from the plasma membrane at syt null synapses is ongoing at a time when most endocytosis has been completed in controls. These large vesicles are reminiscent of large cisternae documented in prior ultrastructural studies of vesicle reformation following stimulation (Heuser and Reese, 1973; Koenig and Ikeda, 1989) .
It remains a formal possibility that the large vesicles formed in these experiments are a consequence of abnormal vesicle fusion, either fusion of vesicles with each other or aberrant fusion events at the plasma membrane that cannot be properly recovered. To rule out these possibilities, we stimulated vesicle fusion in the presence of a functional Syt I protein and then photoinactivated Syt I prior to vesicle endocytosis, testing for defects by fixing for EM during the endocytic phase of the vesicle cycle. To photoinactivate Syt I, we use a tetracysteine-tagged Syt I that binds the membranepermeable fluorescein derivative, FlAsH (Gaietta et al., 2002; Marek and Davis, 2002) . Presynaptic FlAsH-bound Syt I rescues the electrophysiological defect in the syt null and can be photoinactivated in seconds in a background with no endogenous Syt I (Marek and Davis, 2002) . The experiments reported here require use of the temperature-sensitive mutation in dynamin, shibire ts2 (shi ts ). In brief, vesicle fusion is stimulated while the synapse is held at the restrictive temperature for shi ts (30ºC), which strongly inhibits endocytosis (Koenig et al., 1983) . While vesicular membrane and proteins are trapped at the plasma membrane, Syt I is photoinactivated for 2 min (the time necessary to bleach FlAsH to extinction to ensure complete photoinactivation [Poskanzer et al., 2003] ). The synapse is then returned to the permissive temperature (22ºC) for 5 min before being fixed and processed for EM. At control synapses, endocytosis, as measured by SpH fluorescence decay, proceeds to near completion within 5 min (Poskanzer et al., 2003) . In contrast, synapses that have undergone Syt I photoinactivation show impaired SpH decay, suggesting that endocytosis is perturbed (Poskanzer et al., 2003) .
In experiments where we photoinactivate Syt I specifically during endocytosis, control EMs underwent identical temperature changes, incubation in FlAsH ligand, and stimulation, but did not experience the illumination that causes FlAsH photoinactivation of Syt I. Control synapses ( Figure 2G ) appear similar to wild-type in every respect, with no change in the average vesicle diameter (31.1 6 0.93 nm, compared to 30.1 6 0.44 nm for wildtype, p > 0.3, Figure 2J ). In contrast, vesicles at synapses in which Syt I was specifically photoinactivated in the endocytic phase of the vesicle cycle are significantly larger than controls (46.2 6 1.28 nm, p < 0.001), with an average diameter and frequency distribution nearly identical to that observed at the stimulated syt null synapses (Figures 2H-2J). As with the syt null synapses, dramatically enlarged vesicular structures that often exceed 100 nm are observed throughout the vesicle pool.
When we compare EM results from syt null and Syt I photoinactivated synapses to the SpH kinetic data, several conclusions can be made. First, our data argue against the possibility that altered rates of SpH internalization are simply caused by impaired vesicle reacidification, since there are clearly additional problems with the endocytic process in both of these experimental paradigms. Second, slower endocytosis kinetics correlate with a prolonged period of membrane internalization, since membrane invaginations connected to the plasma membrane can still be observed 1 min after the cessation of stimulation at syt null synapses. Thus, Syt I mutations slow the rate of membrane internalization. Finally, Syt I is required to specify the size of newly formed vesicles. A remaining question is whether the loss of Syt I generally cripples the process of endocytosis or whether Syt I has specific, separable functions that determine both the rate and size of synaptic vesicles. To distinguish between these possibilities, we undertook a structure-function analysis of Syt I during endocytosis.
The C 2 B Domain Is Necessary for Vesicle Endocytosis Syt I contains one transmembrane domain and two Ca 2+ -binding C 2 domains, termed C 2 A and C 2 B (Perin et al., 1991) . The C 2 A domain is thought to mediate Ca 2+ -induced phospholipid and syntaxin binding Kee and Scheller, 1996; Ubach et al., 1998) . The C 2 B domain has been shown to be important for Ca 2+ -dependent Syt I oligomerization (Chapman et al., 1996; Sugita et al., 1996) , as well as phospholipid Schiavo et al., 1996) , Ca 2+ -channel (Sheng et al., 1997) , and clathrin adaptor complex AP-2 (Chapman et al., 1998; Haucke and De Camilli, 1999; Zhang et al., 1994) binding. We began by looking at SpH dynamics in animals with the syt AD1 mutation, an early stop codon that leads to deletion of the entire C 2 B domain (DiAntonio and Schwarz, 1994; Littleton et al., 2001 ). As homozygotes, or in trans to a null mutation, syt AD1 animals are not viable at the third instar larval stage (Littleton et al., 1994) . However, it has previously been shown that the syt AD1 allele, in combination with the strong hypomorphic syt T7 allele, causes decreased evoked neurotransmitter release (Littleton et al., 1994) . Therefore, we examined the syt AD1/T7 combination in the SpH background and tracked SpH fluorescence intensity in response to a 50 Hz, 10 s stimulus.
We find that syt AD1 /+ control synapses have the same endocytic t values (10.0 6 1.2 s) as wild-type (10.3 6 1.0 s) ( Figures 3A and 3B ). In contrast, the syt AD1/T7 synapses exhibit two main differences compared to the controls: a smaller peak DF/F value and larger t values (29.8 6 9.7 s; p < 0.04) (Figures 3A and 3B) . By these measures, the syt AD1/T7 synapses are similar to syt null synapses, indicating that the C 2 B domain is important for synaptic vesicle endocytosis as well as exocytosis. Although we were unable to evaluate homozygous syt AD1 mutants, our conclusion is further supported by analysis of point mutations that disrupt specific sequences within the C 2 B domain (see below).
Residues Implicated in Syt I Oligomerization Alter Exocytosis, but Do Not Affect the Rate of Endocytosis
The syt AD3 allele contains a Y to N substitution at residue 364, which lies in the C 2 B domain and is highly conserved from C. elegans to humans (DiAntonio and Schwarz, 1994; Littleton et al., 2001 ). This mutation is thought to disrupt the conformation of the C 2 B domain that is important for homo-oligomerization (Fukuda et al., 2000; Littleton et al., 2001) . Prior data indicate that the syt AD3 mutation decreases evoked release and, as with syt AD1 , this mutation acts dominantly when placed in trans to the hypomorphic alleles syt T7 or syt T41 (Littleton et al., 2001) . Consistent with this, we find decreased peak SpH fluorescence during the stimulus train in both the syt AD3/T7 and syt AD3/T41 mutant combinations compared to controls when expressed in the SpH background ( Figures 3C and 3D ). When we quantify endocytic rate constants, we find that heterozygous syt AD3 /+ synapses have a rate constant (t = 10.3 6 0.7 s) that is not statistically different from wild-type controls (t = 12.9 6 1.2 s; p > 0.08; data not shown on graph for clarity). When we compare endocytic rate constants in syt AD3/T7 and syt AD3/T41 to wild-type and heterozygous controls, we find that the mutant synapses are not significantly different than wild-type (t = 14.2 6 2.0 s and 15.7 6 1.7 s for syt AD3/T7 and syt
AD3/T41
, p > 0.1). There is a slight, statistically significant difference when these mutants are compared to the heterozygous syt AD3 /+ synapses (p < 0.04). However, since syt AD3 /+ is not different from wild-type and since the magnitude of the difference in rate constants comparing syt AD3 /+ with syt AD3/T7 or syt AD3/T41 is small, we conclude that the residues implicated in Syt I oligomerization do not play a significant role in synaptic vesicle endocytosis and cannot account for the slowed endocytosis rate in the syt null animals.
The Poly-Lysine Motif in the C 2 B Domain Controls Vesicle Size but Does Not Affect Endocytic Rate We next tested the function of a conserved poly-lysine motif located within the Syt I C 2 B domain. These residues have been shown to interact biochemically with the a-adaptin and m2 regions of the heterotetrameric protein complex AP-2, raising the possibility that endocytic clathrin machinery is recruited to sites where Syt I is inserted in the plasma membrane via these residues (Haucke and De Camilli, 1999; Haucke et al., 2000; Zhang et al., 1994) . These residues have also been implicated in biochemical interactions with inositol polyphosphates (Fukuda et al., 1995) . It remains unknown whether these residues are necessary for compensatory synaptic vesicle endocytosis in vivo. To test this possibility, we rescue the syt null mutation with a Syt I transgene in which three lysines (K379, 380, 384) important for AP-2 binding and interaction with acidic phospholipids have been mutated to glutamines (Chapman et al., 1998; Mackler and Reist, 2001 ). We use a neuralspecific GAL4 driver, elaV 3E1 -GAL4, to drive both the UAS-syt-KQ and UAS-n-syb-pH transgenes presynaptically in a syt null (syt
) mutant background. As a control, we rescue the syt null animal with a wild-type /+ control (gray, n = 12), and syt AD1/T7 (blue, n = 11) synapses. (B) When SpH fluorescence intensity is normalized to peak DF/F intensity for all genotypes, t is larger in the syt AD1/T7 animals compared to controls (p < 0.04). (C) SpH fluorescence intensity changes in syt AD3 mutants. Heterozygous syt AD3 /+ synapses (gray, n = 12; p > 0.08) show no difference in t values compared to wild-type controls (not shown for clarity). syt AD3/T7 (light blue, n = 13) and syt AD3/T7 (dark blue, n = 13) synapses both show a decrease in vesicle release, as has been previously observed electrophysiologically. (D) SpH data normalized to peak DF/F intensity for visual comparison. t values are not different compared to wild-type (p > 0.1). Error bars represent 6 SEM.
version of Syt I (UAS-syt-wt) expressed presynaptically with the same GAL4 driver.
We first perform immunostaining to confirm that both genotypes express and correctly localize Syt I. We observe similar levels and localization of Syt I protein at UAS-syt-wt and UAS-syt-KQ synapses, both of which show slightly less Syt I compared to wild-type ( Figures  4A, 4C, and 4D ). Because the Syt-KQ protein could compromise AP-2 binding, we also controlled for AP-2 levels at these synapses. Immunostaining for the a-adaptin subunit of AP-2 reveals similar levels and localization in all genotypes tested, including UASsyt-KQ (Figures 4G-4L ). Synaptic boutons are consistently smaller in all transgenic genotypes, but this does not correlate with the stimulus-dependent differences among genotypes observed for endocytic rate or vesicle size. Finally, we recorded electrophysiologically from both UAS-syt-wt and UAS-syt-KQ rescue synapses that also express SpH. We observe mEPSP and EPSP amplitudes ( Table 1) that are similar to those previously published for these genotypes in the absence of SpH expression (Mackler and Reist, 2001 ).
In all of the following experiments, we compare experimental rescue animals with the UAS-syt-wt rescue animal to control for genetic background and Syt I expression levels. In response to a 50 Hz, 10 s stimulus, we observe no difference in t values in the UAS-syt-wt (15.9 6 3.7 s) rescue animals compared to wild-type (p > 0.1, data not shown). At the UAS-syt-KQ rescue synapse, we observe a very slight increase in peak DF/F compared to the UAS-syt-wt synapse ( Figure 5A ). However, when we compare t values, the UAS-syt-KQ animals (19.6 6 2.2 s) are no different than the UASsyt-wt animals (p > 0.4, Figure 5B ). These t values are significantly different than wild-type (p < 0.005), but the appropriate comparison is with the UAS-syt-wt rescue animals, which establish the normal baseline for wild-type syt transgene expression in the syt null mutant background. Similar results are obtained when we express these transgenes in the other syt null background (syt AD4/D27 , data not shown). To further test whether the poly-lysine residues mutated in the UAS-syt-KQ transgene affect endocytosis kinetics, we quantified rate constants in the UAS-syt-KQ rescue animals over . In all transgenic rescue animals (C-F), equivalent levels of Syt I are observed in the presynaptic terminal, slightly decreased compared to wild-type. Subcellular localization appears normal. (G-L) Immunostaining for a-adaptin, part of the heterotetrameric AP-2 complex. All genotypes exhibit similar levels of a-adaptin, including UAS-syt-KQ rescue animal. Synaptic boutons are consistently smaller in all transgenic genotypes and do not correlate with stimulus-dependent differences among genotypes observed for endocytic rate or vesicle size. a range of stimulus durations. At all of the stimuli tested (from 1 to 10 s), the UAS-syt-KQ rescue synapses exhibit peak DF/F and t values similar to UAS-syt-wt rescue animals ( Figures 5C and 5D ). These data indicate that the Syt I interactions via this poly-lysine motif are not required for endocytosis rate.
We next examined membrane internalization ultrastructurally at the UAS-syt-KQ and UAS-syt-wt rescue synapses. As a baseline, we find that the control UASsyt-wt rescue synapses show a statistically significant increase in mean vesicle diameter (38.4 6 0.83 nm) at rest compared to wild-type synapses (p < 0.001 , Figure 6C ; compare with Figure 2C ). However, when these control synapses are stimulated, there is a small decrease in mean vesicle diameter (35.8 6 0.94 nm, p < 0.04) compared to the rest condition, similar to that observed at wild-type synapses. These data, and the SpH kinetic data described above, indicate that the rescue of the syt null by UAS-syt-wt is adequate but not complete and emphasize the importance of using this genotype to compare with other experimental transgenic rescue animals.
The UAS-syt-KQ rescue synapse at rest has a mean vesicle diameter (38.7 6 0.77 nm, Figure 6D ) equivalent to that observed in the UAS-syt-wt controls at rest (p > 0.7). However, following stimulation, the UAS-syt-KQ rescue synapse shows a significant further increase in mean vesicle diameter (43.8 6 0.90 nm, p < 0.005, Figure 6D ) not seen in the UAS-syt-wt controls, but similar to that observed in the syt null synapses following stimulation. Vesicles with diameters in excess of 80 nm are observed throughout the vesicle pool. Importantly, the increase in vesicle diameter is observed throughout the frequency distribution, and, therefore, the increase in mean diameter cannot be attributed to a small number of very large vesicles ( Figure 6D) . Thus, the poly-lysine motif in the C 2 B domain of Syt I is one of the important determinants that controls the formation of normally sized synaptic vesicles. Since endocytosis proceeds at a rate equivalent to transgenic controls, these data dissociate the molecular mechanisms that control endocytic rate from those that govern synaptic vesicle size.
Calcium-Coordinating Residues in the C 2 A Domain Do Not Affect Endocytosis
Syt I is capable of binding five Ca 2+ molecules, three in the C 2 A domain (Ubach et al., 1998) and two in the C 2 B domain . At vertebrate central synapses, Ca 2+ -coordinating residues in both the C 2 A and C 2 B domains are necessary for normal neurotransmitter release (Fernandez-Chacon et al., 2001; Stevens and Sullivan, 2003) . In Drosophila, mutation of the highly conserved Ca 2+ -binding residues in the C 2 B domain, but not the C 2 A domain, impair neurotransmitter release (Mackler et al., 2002; Robinson et al., 2002) . To test the function of the Ca 2+ -coordinating residues in vesicle endocytosis, we expressed SpH in flies harboring mutations that selectively disrupt Ca 2+ -coordinating aspartate residues in the C 2 A or the C 2 B domain.
We first examine flies that express a form of Syt I with the second Ca 2+ -binding aspartate residue in the C 2 A domain mutated to asparagine. It has been demonstrated that this transgene can inhibit Ca 2+ binding but does not affect neurotransmitter release in a syt null background . We again perform the same SpH and EM experiments in flies expressing UAS-syt-D229N in a syt null ,SpH background. The only Syt I protein in this rescue animal (UAS-syt-D229N) is that with the disrupted C 2 A Ca 2+ -binding site, and this protein localizes normally ( Figure 4F ). The UAS-syt-D229N animals show no significant difference from UAS-syt-wt controls in endocytic rate constant (p > 0.3). There is also no change in mean vesicle diameter comparing rest (35.9 6 0.33 nm) and poststimulation conditions (36.7 6 0.73 nm) (Figures 7A-7C ; p > 0.3). Although the distributions are not identical (the KS statistic reveals a significant difference), we do not observe a shift in the entire vesicle distribution toward larger vesicle diameters as we observe in the syt null and UASsyt-KQ animals. These data demonstrate that this -binding aspartate residues in the C 2 B domain mutated to asparagines. These flies, UAS-syt-D3,4N, were previously shown to exhibit greatly reduced evoked neurotransmitter release in response to a single action potential and a large reduction in Ca 2+ -dependent phospholipid binding (Mackler et al., 2002) . We observe that expression of the UAS-syt-D3,4N transgene in the syt null ;SpH background shows a similar electrophysiological phenotype to that observed in the absence of SpH expression, with dramatically decreased EPSP amplitudes (Table 1) .
In our experiments, we express the UAS-syt-D3,4N transgene presynaptically in a syt null ; UAS-n-syb-pH background, so that UAS-syt-D3,4N is the only form of Syt I in the terminal. Importantly, this mutant form of Syt I localizes normally ( Figure 4E ). Following a 50 Hz, 10 s stimulus, the peak DF/F SpH change in these animals is reduced compared to the UAS-syt-wt animals ( Figure 8A ), which agrees with prior electrophysiological demonstration of a decrease in evoked release (Mackler et al., 2002) . We also observe a slowed endocytosis rate constant at UAS-syt-D3,4N rescue synapses, with an average endocytic t value (33.4 6 8.3 s) that is more than 2-fold slower than that observed in the UAS-syt-wt control (15.9 6 3.7 s, Figure 8B ; p < 0.04). This slowed endocytic rate in the UAS-syt-D3,4N rescue animals is comparable to that observed in syt null animals, indicating that the Ca 2+ -coordinating function of the C 2 B Figure 8 . Stimulation in the UAS-syt-D3,4N Rescue Animal Causes a Slowed Endocytosis Rate without Affecting Synaptic Vesicle Size (A) SpH fluorescence intensity in response to a 50 Hz, 10 s stimulus train in 2.0 mM Ca 2+ at UAS-syt-wt (gray, n = 15) and UAS-syt-D3,4N rescue (red, n = 19) synapses. Compared to UAS-syt-wt controls, UAS-syt-D3,4N synapses show a decrease in peak SpH DF/F in response to the stimulus. (B) When SpH fluorescence intensity is normalized to peak DF/F intensity for visual comparison, UAS-syt-D3,4N synapses exhibit a larger t value (p < 0.04). (C and D) Representative active zones at UAS-syt-D3,4N rescue synapses at rest (C) and after stimulation (D). Scale, 200 nm. (E) Cumulative frequency distribution of vesicle diameters for UAS-syt-D3,4N rescue synapses at rest (gray, n = 373 vesicles, 20 active zones) and following the stimulus (red, n = 403 vesicles, 15 active zones). These synapses show no significant difference in mean vesicle diameter (p > 0.09, t test), but distributions are significantly different (p < 0.02, KS). (F) Recordings from muscle 6 during a 50 Hz, 10 s stimulus train in 2 mM Ca 2+ saline. Representative recordings are shown for UAS-syt-wt control (top) and UAS-syt-D3,4N (bottom) rescue synapses. The rate of EPSP amplitude decay to baseline is rapid and equivalent in both genotypes (arrows). Scale, 10 mV, 2.5 s. Error bars represent 6 SEM. domain of Syt I can account for the extent of the defect in SpH recycling in the syt null animals. Mutations in Syt I Ca 2+ -coordinating residues may also disrupt synchronized neurotransmitter release. Therefore, it is possible that large amounts of asynchronous release after the stimulus train could lead to an apparent decrease in endocytosis rate, as measured by SpH internalization. To address this possibility, we recorded electrophysiologically from the UAS-syt-D3,4N synapses and assayed asynchronous release following a 50 Hz, 10 s stimulus train. As previously demonstrated, EPSP amplitudes in response to single stimuli are dramatically reduced compared to genetic controls (Mackler et al., 2002, Table 1 ). However, during a 50 Hz, 10 s stimulus train, transmitter release facilitates dramatically and then decays to baseline following the end of the stimulus train ( Figure 8F) . The large increase in release during the stimulus train likely includes a large component of asynchronous release, given the small size of individual EPSPs that are observed throughout the stimulus train ( Figure 8F ). Most important for our SpH analysis, however, is that there is no evidence that asynchronous release persists for prolonged periods after the end of the stimulus train. EPSP amplitudes decay to baseline in less than 500 ms in both UAS-syt-wt and UAS-syt-D3,4N synapses (n = 7 synapses). In comparison, our measurements of SpH decay have a time constant that is more than an order of magnitude larger. Thus, we can rule out the possibility that persistent asynchronous release following the stimulus train causes the slower SpH decay at the UAS-syt-D3,4N rescue synapses.
We next addressed whether the UAS-syt-D3,4N mutation also affects the size of newly re-formed synaptic vesicles, as seen at the syt null synapse. When we compare synapses at rest from UAS-syt-wt and UAS-syt-D3,4N rescue animals, we observe no difference in average vesicle diameter (p > 0.5, Figures 5C and 8C-8E ). There is also no difference in mean vesicle diameter between these genotypes in the stimulated condition (p > 0.8, Figures 5C and 8C-8E ), or when we compare the UAS-syt-D3,4N synapses at rest (37.7 6 0.88 nm) and after stimulation (36.0 6 0.48 nm, p > 0.8, Figures 8C-8E ). Although the distributions are not identical (a statistical difference is revealed using the KS statistic), there is no evidence for the emergence of large-diameter vesicles that exceed those observed in wild-type.
Two lines of evidence suggest that the lack of change in vesicle diameter is not caused by a severe decrease in vesicle fusion. First, our electrophysiological recordings demonstrate that there is substantial neurotransmitter release in the UAS-syt-D3,4N animals during the 50 Hz, 10 s stimulus train ( Figure 8F ). Second, there is a quantitatively greater increase in peak fluorescence intensity during the stimulus train in the UAS-syt-D3,4N compared to the syt null synapses ( Figures 1A and 8A) . Thus, there is as much or greater vesicle fusion at UASsyt-D3,4N than at syt null synapses, and yet the change in vesicle size is only observed at the syt null synapses. These data indicate that vesicle re-formation poststimulus occurs normally at the UAS-syt-D3,4N rescue synapses, but at a slower rate, and that this slowed rate does not cause misregulation of membrane internalization.
These data suggest that Ca 2+ coordination by the C 2 B domain is important for Syt I function during endocytosis. To further test this, we asked whether endocytosis rate can be restored in UAS-syt-D3,4N animals at elevated Ca
2+
. At 5 mM extracellular Ca 2+ we find that there is a statically significant speeding of endocytosis at the UAS-syt-D3,4N rescue synapse (t = 15.6 6 2.0 s) compared to that observed at 2 mM Ca 2+ (t = 33.4 6 8.3 s, p <0.05, Figure 9A ). This rate constant approaches, but remains slower than, that observed in UAS-syt-wt controls analyzed at the same Ca 2+ concentration (10.2 6 0.93 s, p < 0.02, Figure 9A ). At 5 mM Ca 2+ , we observe increased exocytosis as assessed by both peak SpH DF/F and electrophysiological analysis of 50 Hz, 10 s nerve stimulation ( Figure 9D and data not shown) . Importantly, the change in endocytic rate cannot be attributed to a change in synchronous release because the Neurondefect in synchronous release, assessed by EPSP amplitude in response to a single action potential, is not improved by recording at 5 mM Ca 2+ ( Figure 9C ). These data demonstrate a selective improvement in endocytosis rate at 5 mM Ca 2+ in the UAS-syt-D3,4N animals. This effect could be mediated by an unidentified Ca 2+ sensor involved in endocytosis. If so, we would predict that the rate of endocytosis would speed in the syt null animals. However, there is no significant change in endocytosis rate constant in the syt null animals when Ca 2+ levels are increased to 5 mM (t = 29.8 6 6.6 s at 2 mM and 25.1 6 4.6 s at 5 mM, p > 0.4, Figure 9B) . Thus, the speeding of endocytosis in the UAS-syt-D3,4N animals depends on the presence of the mutant Syt I protein. This could either be mediated by residual Ca 2+ binding in the mutant C 2 B domain or by Ca 2+ binding in the C 2 A domain. Since we demonstrate that mutations in the C 2 A domain do not alter endocytosis, we favor the idea that residual Ca 2+ binding in the C 2 B domain mediates this effect.
Discussion
In this study we examine the rate and form of synaptic vesicle endocytosis under identical stimulation conditions. Using this approach, we demonstrate that discrete residues in the C 2 B domain of Syt I independently specify endocytosis rate and the size of newly internalized vesicles. We demonstrate that endocytosis rate can proceed normally while vesicles of inappropriate size are generated. Conversely, we show that endocytosis rate can be slowed without perturbing the mechanisms that control vesicle size. Thus, the mechanisms that govern the rate and size of synaptic vesicle reformation can be broken down into independent processes that are normally coordinated by Syt I.
Two important comparisons should be made with our prior work in which we demonstrated a function for Syt I during endocytosis (Poskanzer et al., 2003) . In our previous SpH experiments examining syt null animals, muscle contraction occluded a portion of our data during and shortly after nerve stimulation and prevented an accurate calculation of endocytic rate. By including a postsynaptic receptor antagonist in our saline, we now prevent muscle contraction, allowing uninterrupted visualization of fluorescence change over time (see Experimental Procedures). Our current data now agree with a report examining vesicle recycling at syt null central neurons in which endocytosis is significantly slowed but not blocked (Nicholson-Tomishima and Ryan, 2004) . We also previously reported that FlAsH photoinactivation of Syt I prevented subsequent quenching of SpH following the release of a temperature-sensitive blockade of endocytosis (Poskanzer et al., 2003) . Our data now demonstrate that, in this protocol, membrane is internalized in the form of unusually large vesicles. Why was there no evidence of quenched SpH signal in our previous study? We previously showed by FM4-64 staining that membrane internalization was impaired following FlAsH photoinactivation and that a significant fraction of SpH remains at the cell surface. If reacidification is also impaired within the large vesicle structures, then the combined effect of these three deficits may prevent significant SpH quenching during this protocol.
Syt I-Dependent Mechanisms Controlling Synaptic Vesicle Size
Mutation of a C 2 B domain poly-lysine motif, previously shown to be important for Syt I-AP-2 binding (Chapman et al., 1998; Zhang et al., 1994) , causes a defect in vesicle size. This defect in vesicle size is less severe than that observed in the syt null animal, indicating that these residues contribute to this role of Syt I, but may not be the only residues important for this process. It is remarkable, however, that the mutation of the C 2 B poly-lysine motif causes a selective defect in vesicle size without altering endocytosis rate. The specificity of this endocytic defect is surprising, considering that altered rate and altered membrane retrieval generally go hand in hand in genetic studies of synaptic vesicle recycling in vivo.
How can the specific defect in the size of recovered synaptic vesicles be explained? Previous studies have described endosomal cisternae that may represent normal intermediates in a vesicle recovery pathway, similar to those observed in non-neuronal cells (Gad et al., 1998; Heuser and Reese, 1973; Koenig and Ikeda, 1989; Stoorvogel et al., 1996; Whitney et al., 1995) . One possibility is that perturbing the Syt I-AP-2 interaction slows the progression through an acidified endosomal intermediate (perhaps before a clathrin-dependent budding step) that is normally rapidly resolved. Syt I-inositol polyphosphate interactions mediated by these residues could also be important for this process (Fukuda et al., 1995) . However, we do not observe budding events from large vesicular structures in our micrographs, whereas budding from larger endosomal/cisternal membranous structures has been described at other synapses following stimulation (Gad et al., 1998; Heuser and Reese, 1973; Koenig and Ikeda, 1989 ). An alternate possibility is that Syt I controls the size of synaptic vesicle membrane retrieval at the plasma membrane. Syt I could demarcate the boundaries of new vesicles and thereby control the amount, but not the speed, of membrane internalization. Finally, Syt I could control the integrity of the clathrin lattice, which could help to confine the proper extent and curvature of newly internalized membrane.
Ca
2+ -Coordinating Residues Control Endocytic Rate
We have shown that mutation of Ca 2+ -coordinating residues in the C 2 B domain of Syt I slows endocytosis rate without obviously altering any other aspect of endocytosis. It should be emphasized that when Ca 2+ -coordinating residues in the C 2 B domain are mutated, the endocytosis rate slows to the same extent as that observed in syt null mutations, demonstrating that these residues are sufficient to account for the function of Syt I in specifying endocytic rate. Since raising extracellular Ca 2+ significantly restores endocytosis rate in this mutation, it indicates that the Ca 2+ coordination by these residues is important for Syt I function during endocytosis. Importantly, no change in endocytic rate is observed in syt null animals, demonstrating that this is a Syt I-dependent effect, likely mediated by the binding of Ca 2+ to either the C 2 A or C 2 B domains of Syt I. Because the C 2 A domain does not appear to play a significant role in endocytosis rate (Figure 7) , we favor the conclusion that Ca 2+ coordination in the C 2 B domain of Syt I is essential for endocytosis. Finally, these data are in contrast to most other genetic studies of endocytosis molecules where a slower endocytic rate is accompanied by other effects, such as altered membrane internalization or vesicle size (Di Paolo et al., 2004; Guichet et al., 2002; Koh et al., 2004; Marie et al., 2004; Verstreken et al., 2002; Zhang et al., 1998) . Therefore, our data suggest that Ca 2+ -coordinating residues in the C 2 B domain of Syt I are involved in a step of the endocytic process directly related to the endocytic rate.
There are several possibilities for how Syt I could participate in the control of endocytic rate. First, it is possible that these Ca 2+ -coordinating residues are involved in an interaction controlling the uncoating of synaptic vesicles prior to vesicle reacidification. Disrupting this process would slow the rate of SpH decay, even though vesicles would be endocytosed correctly. We do not see an obvious accumulation of clathrin-coated vesicles in our EM images, although it is difficult to resolve clathrin coats on vesicles at this synapse. Another possible explanation is that the Ca 2+ -coordinating residues are involved in the sorting of synaptic vesicle proteins to newly internalized vesicles. In this case, some SpH molecules may be deposited in the plasma membrane during stimulation, but not reinternalized. If this were true, we might expect that SpH molecules would accumulate on the plasma membrane over time. We see no evidence that baseline SpH fluorescence levels are higher in the UAS-D3,4N rescue animals than controls, suggesting that this possibility is unlikely (data not shown). A third possibility is that Ca 2+ -coordinating residues within the C 2 B domain are specifically involved in a rate-limiting process that normally governs how fast vesicles are retrieved from the synaptic plasma membrane. If the initiation of endocytosis were delayed or became variable in these animals, the SpH decay rate would appear slower because our SpH measurements reflect the state of an entire population of vesicles. Support for the idea that the initiation of endocytosis is delayed comes from the observation that endocytic intermediates attached to the plasma membrane are not found at the UAS-D3,4N rescue synapses. This hypothesis is attractive because it has long been hypothesized that Syt I functions to couple exo-and endocytosis at the neuronal synapse.
If Syt I does indeed function at such an early stage in the endocytic process, two models may explain its role. In one model, Syt I could establish new protein interactions-or take on a new conformation-following vesicle fusion that are required to initiate endocytosis. In a second model, Syt I could assume a conformation or participate in a binding interaction during exocytosis that is required for subsequent vesicle endocytosis. In other words, Syt I would be primed to initiate rapid endocytosis via molecular interactions established during exocytosis. Since we demonstrate that mutating residues implicated in Syt I oligomerization does not alter endocytic rate even though exocytosis is perturbed, our data argue against oligomerization of Syt I as being the essential interaction for control of endocytic rate. On the other hand, the importance of phospholipid regulation during endocytosis has been suggested by recent work showing altered endocytic rate in a PI(4,5)P 2 kinase null mutation, making this option an attractive possibility (Di Paolo et al., 2004) .
Conclusion
Syt I has been proposed to couple exo-and endocytosis because it is required for both processes. Here, we have identified mutations in Syt I that uncouple exo-and endocytosis, for example, perturbing exocytosis but not endocytosis in the syt AD3 mutations. We have also identified mutations in Syt I that separate two properties of compensatory synaptic vesicle endocytosis that are normally coordinated: endocytosis rate and the size of internalized membrane. Thus, different regions of Syt I may normally couple exo-and endocytosis as well as distinct aspects of the endocytic process. These data argue that Syt I is a molecular linchpin that enables rapid, high-fidelity endocytosis at the neuronal synapse.
Experimental Procedures Flies
The synapto-pHluorin transgene (UAS-n-syb-pH) was expressed presynaptically using the elaV ,UAS-n-syb-pH/TM6b flies were crossed to syt AD4 /CyO-GFP;UAS-syt (wt, or D3, 4N, or KQ, or D229N) /TM6b flies and non-CyO, non-TM6b flies expressing n-Syb-pH were selected. To promote survival of mutant flies, eggs were laid on apple plates with yeast paste. Appropriate larvae were chosen and transferred to another apple plate in a large petri dish lined with wet Kimwipes for humidity. Small drops of liquid containing water and dissolved yeast were placed on the apple plates each day for food.
Solutions
All live imaging and electrophysiology experiments were performed in HL3, supplemented with indicated Ca 2+ levels. Imaging experiments were done in the presence of 100 mM 1-naphthylacetyl spermine trihydrochloride (Sigma) to block postsynaptic glutamate receptor activation and muscle contraction and to enable accurate imaging at all time points. This drug does not alter presynaptic function or SpH fluorescence intensity (data not shown). For FlAsH experiments, dissected animals were either incubated for 5 min in FlAsH solution (now called Lumio, Invitrogen) or a mock-FlAsH solution, then rinsed in an EDT 2 solution for 5 min to remove unbound FlAsH (see Poskanzer et al., 2003) . Larvae were transferred back to HL3 saline before imaging.
Light Microscopy and Analysis
Live imaging was done on a Zeiss Axioskop 2 microscope with a water-immersion objective (633, 0.90 N.A.) using SlideBook software (Intelligent Imaging Innovations). Images were acquired with a cooled CCD camera including a back-thinned EEV57 chip (Roper Scientific) or using the Cascade 512b (Roper Scientific). Illumination was provided by a 175 W xenon arc lamp, liquid light guide, and GFP filter set. Time-lapse imaging was carried out using continuous 500 ms exposure times. Data were quantified by defining a region of interest that included multiple synaptic boutons, using the threshold function of SlideBook. The DF/F of this entire region was calculated for each time point. t values for SpH kinetics were calculated by fitting the fluorescence decay following stimulation to a single exponential function, using Igor Pro software (WaveMetrics, Inc.). Fluorescent data were fit prior to averaging or normalization. FlAsHphotoinactivation was performed by illuminating preparations as for fluorescence imaging. Immunostained synapses were imaged on a Zeiss Axiovert 200 using a cooled CCD camera (Kodak 1401E chip, Roper Scientific). Samples were illuminated with a 175 W xenon arc lamp and oil-immersion objection (1003, 1.4 N.A.) . Synapses were optically sectioned at 0.2 mm. Projection images showing the maximum fluorescence levels through the z-stack are shown. The NMJ at muscles 6 and 7 was selected in all experiments.
Electron Microscopy
Larvae were prepared for electron microscopy following stimulation by conventional procedures as desribed previously (Pielage et al., 2005) . All processing steps were done at room temperature with rotation except the initial 10 min fixation. Thin sections were cut with a Leica Ultracut T ultramicrotome, collected on Formvar-coated slot grids, and stained with 5% uranyl acetate for 10 min followed by Sato's lead for 3 min. Sections were photographed with a JEOL 1200 EX/II using film or an FEI T12 EM with a digital camera, both operated at 80 kV. For quantification, the diameter of vesicular structures within 200 nm of each presynaptic active zone was measured. Multiple synaptic boutons from at least two animals from each genotype were analyzed.
Immunostaining
Third instar larvae were dissected in Ca 2+ -free HL3 saline and fixed in Bouin's fixative for 2 min (Syt, 1:500, gift of Troy Littleton) or in 4% paraformaldehyde for 20 min (a-adaptin, 1:50, gift of Marcos Gonzá -lez-Gaitá n). Immunocytochemistry with each antibody was performed with all of the larval fillets in the same reaction tube for accurate comparison of fluorescence intensity levels across genotypes.
Electrophysiology
Recordings were made from muscle 6 in abdominal segment A3 of third instar larvae with sharp electrodes (15-20 MU). Preparations were bathed in HL3 at the indicated Ca 2+ concentration. Recordings were accepted for analysis with resting membrane potentials more hyperpolarized than 260 mV and with input resistances greater than 5 MU. Motoneuron stimulation was achieved with a polished suction electrode, at the rate and frequencies indicated. Data were recorded with PCLAMP software and an axoclamp 2B amplifier with additional 103 amplification (Brownlee Precision) prior to digitization (Axon Instruments). Data were analyzed offline with semiautomated functions of Mini Analysis software (Synaptosoft).
Supplemental Data
The Supplemental Data for this article can be found online at http:// www.neuron.org/cgi/content/full/50/1/49/DC1/.
